In 2016, the World Health Organization (WHO) introduced a classification of CNS tumors that incorporate molecular signatures with traditional histopathology to arrive at "integrated" diagnostic diffuse glioma entities. 1 The molecular components of this classification scheme largely involve knowing the mutational status of isocitrate dehydrogenase (IDH) and codeletion of whole chromosome arms 1p and 19q. Integrating these limited molecular alterations into the traditional classification system of diffuse glioma yielded a better predictor of clinical outcome than histopathology alone. However, there is still an issue with the current classification system in that WHO grading of diffuse gliomas 
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is still determined solely by histopathological features (including mitotic activity, necrosis, and microvascular proliferation) without taking molecular features into account. Recent attempts have been made to define molecular alterations (beyond IDH and 1p/19q) which may provide prognostic information beyond histological grading. Our group 2 and others 3, 4 have shown that diffuse glioma survival is associated with whole chromosome and gene level copy number alterations. Copy number alterations predict patient survival in diffuse gliomas, and subtypes with clear differences in median survival can be derived from copy number profiling. 2 We have previously shown that data from The Cancer Genome Atlas (TCGA) and the German Glioma Network (GGN) on IDH-wildtype glioblastoma, WHO grade IV, can be used to further stratify 3 distinct prognostic DNA copy number subtypes: W1 (worst survival), W2 (intermediate survival), and W3 (best survival) ( Fig. 1) . 2 These copy number subtypes are determined by relatively few foci: gain of whole chromosome 1, gain of whole chromosome 19, and coamplification of cyclindependent kinase 4/murine double minute 2 (CDK4/MDM2) ( Fig. 1 ). These prognostic copy number subtypes do not overlap with other described molecular transcriptional or methylation subtypes. [5] [6] [7] Given the implications for prognosis, we sought to determine copy number subtype distributions across glioblastoma populations while using the GGN and TCGA datasets as reflective of the general population. We identified 2 additional prospective cohorts that had an inherent bias toward including patients with better functional status and survival, which is not reflective of the general population. The first cohort is from the randomized phase II ARTE trial, which explored the efficacy of bevacizumab as an adjunct to hypofractionated radiotherapy in patients 65 years or older with newly diagnosed O 6 -methylguanine-DNA methyltransferase unmethylated glioblastoma. 8 The second cohort is that of paired initial and recurrent glioblastoma, where inclusion required that the patient survived long enough, and was deemed appropriate, to have a second surgery. 9 The paired initial/ recurrent glioblastoma cohort had exome data available in addition to copy number analysis, which allows for further insights into risk stratification by molecular profiling.
Materials and Methods

Copy Number Data from Glioblastoma Cohorts
Four separate cohorts of IDH-wildtype glioblastoma were analyzed for gain of whole chromosome 1, gain of whole chromosome 19, and CDK4/MDM2 coamplification. Copy number data via GISTIC2.0 scores 10 for TCGA glioblastomas (n = 256) were downloaded from the University of California Santa Cruz cancer browser (https://genome-cancer.ucsc.edu/). Clinical data for the glioblastoma dataset of TCGA were obtained from the Genomic Data Commons Data Portal from the National Institutes of Health (NIH). 11 Glioblastoma copy number data from the GGN (n = 243) (www.gliomnetzwerk.de) and the ARTE trial 8 (n = 59) were derived from 450k methylation array data as previously described using the R package 'conumee' (http://bioconductor.org/packages/conumee) applying an adapted algorithm for baseline correction. 2, 6 Whole chromosomal gains and CDK4/MDM2 coamplifications were determined by log2-scale thresholds of 0.1 and 0.6, respectively. Copy number data from a multi-institutional (The MD Anderson Cancer Center, University of California San Francisco, Istituto Neurologico Carlo Besta, Kyoto University, and Samsung Medical Center) paired initial/recurrent glioblastoma cohort 9 (n = 62) were determined from whole exome sequencing using the EXCAVATOR bioinformatics pipeline. 12 For all cohorts, molecular data were ascertained in accordance with the World Medical Association Declaration of Helsinki.
Combined Copy Number and Single Nucleotide Data Visualization
Classic multidimensional scaling (MDS) of TCGA glioma data (single nucleotide point mutation and copy number) produced 2-dimensional scatterplots and was performed using R software (version 3.5.0, R Project for Statistical Computing, http://www.r-project.org/) as previously described. 2, 13 Copy number data (evaluated by GISTIC2.0 10 thresholds) and single nucleotide variant data (determined by SAVI2 14 ) for the paired initial/recurrent glioblastoma cohort 9 were mapped onto the MDS plot using TCGA data as a reference set.
Differential Methylation and Gene Expression Analysis
TCGA gene expression and methylation data for glioblastomas were downloaded from the University of California Santa Cruz cancer browser (https://genome-cancer.ucsc. edu/) and analyzed using R software (version 3.5.0, R Project for Statistical Computing, http://www.r-project. org/). Raw counts for chosen RNA-seq samples were obtained from Recount2 15 and were analyzed for differential expression using R/Bioconductor package DESeq2. 16 Significant genes were determined using a cutoff of fold
Importance of the study
Glioblastoma is the most common primary malignant neoplasm of the central nervous system. Patient outcome is generally poor, but can be predicted by copy number alterations. DNA copy number profiling across cohorts reflects the inherent bias of clinical trial selection toward patients with better outcome. Understanding the distribution of molecular signatures across cohorts suggests a role for molecular profiling to be incorporated up front in clinical trials and studies focused upon tumor recurrence.
change >2 and adjusted P-value <0.05. Gene methylation was analyzed by applying the Bioconductor packages 'IlluminaHumanMethylation450kanno.ilmn12.hg19' (https://bioconductor.org/packages/release/data/annotation/html/IlluminaHumanMethylation450kanno.ilmn12. hg19.html) and DMRcate (https://bioconductor.org/ packages/release/bioc/html/DMRcate.html). Differentially expressed and methylated genes were plotted with principal component analysis. Pathway analysis of differentially methylated genes was performed using TargetMine (http://targetmine.mizuguchilab.org/).
Statistics
Statistical analyses were performed using GraphPad Prism software (version 7.02, https://www.graphpad.com/scientific-software/prism). Kaplan-Meier analysis for overall survival was performed with P-values determined by Cox proportional hazards regression. Other data comparisons were performed using the chi-square test, Mann-Whitney U test, and Fisher's exact test as indicated.
Results
The distribution of copy number subtypes is similar across 2 large datasets of initial glioblastoma across North America (TCGA) and Europe (GGN), suggesting that this is the natural distribution in the population (Fig. 2) . Selection bias exists toward a longer-lived glioblastoma subgroup when enrolling patients healthy enough to enter clinical trials or when deciding that patients are well enough for a resection at recurrence. Given the better overall survival of these types of preselected patients, we wondered whether there was evidence of a skew in the population with respect to distribution of the copy number subtypes defined above. In fact, there were 2 such cohorts for analysis. The first cohort is the phase II ARTE trial of hypofractionated radiotherapy with or without bevacizumab in elderly patients with newly diagnosed glioblastoma. 8 When compared with the elderly TCGA and GGN general glioblastoma populations, there was a distribution skew toward the better prognostic W3 copy number subtype (Fig. 2) . The second prospective cohort is a multi-institutional (The MD Anderson Cancer Center, University of California San Francisco, Istituto Neurologico Carlo Besta, Kyoto University, and Samsung Medical Center) paired initial/recurrent glioma group, 9 which investigated glioblastoma patients of all ages who were healthy enough to have a resection at first recurrence. This paired initial/recurrent glioma cohort also showed a skew toward the better prognostic W3 copy number subtype (Fig. 2) .
A more granular method to characterize DNA alterations is through MDS analysis by combining copy number with whole exome sequencing. 2,13 MDS defines distinct glioma groups with differences in survival as well. Of the 2 selective prospective cohorts, the paired initial/recurrent glioblastoma cohort has DNA exome sequencing available in addition to copy number status and allows for MDS analysis of these patients. To investigate a potential distribution skew with respect to MDS molecular signatures, we overlaid the paired initial/recurrent glioblastoma data cohort 9 onto the reference MDS map of TCGA (Fig. 3) . As shown in Fig. 3B TCGA copy number subtype patient numbers: W1 (n = 12), W2 (n = 157), and W3 (n = 88). P-value determined using Cox proportional hazards regression. at recurrence. This MDS group of IDH-wildtype glioblastoma largely includes, but is not limited to, glioblastomas that have the poorest survival among MDS regions and is characterized by relatively few regions of chromosomal alterations, with the exception of whole chromosome 7 gain, whole chromosome 10 loss, and loss of chromosome 9p. 2 Essentially all patients who do well enough to have a second surgical resection at recurrence arise from the other half of glioblastomas, which tend to have one or more of the following alterations: whole chromosome 1 gain, whole chromosome 19 gain, and/or mutations in TP53.
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The data suggest that analysis of recurrent glioblastoma samples is missing the tumors with the most common DNA structure found in the natural population. Further, the data suggest that this global DNA pattern is associated with clinical characteristics that lead surgeons across North America and Asia to not operate on these first recurrent glioblastoma patients. As a point of diagnostic concern, this MDS "poor survival" region cannot be approximated by a differentially expressed gene signature ( Supplementary Fig. S1 ). Differentially methylated gene patterns, outside of the context of copy numbers, are also not sufficient to predict this "poor survival" region ( Supplementary Fig. S2 ). Indeed, determination of the "poor survival" region requires exome sequencing in addition to platform-independent copy number status in order to determine the overall DNA structure. Although differentially methylated genes are not of a diagnostic utility and do not discriminate between MDS regions in our context, biological pathway enrichment analysis of the most significantly differentially methylated genes demonstrates that the "poor survival" group has differentially methylated genes related mostly to cell cycle, and to a lesser extent, immune cell interaction (Supplementary Table S1 ), consistent with dysregulation of these pathways being associated with more aggressive forms of glioma. 2, 5, [17] [18] [19] [20] [21] [22] [23] [24] Clinical characteristics corresponding to this DNA pattern are unclear, but there appears to be no association with median age (P = 0.15; Mann-Whitney U test), male versus female (P = 0.052; Fisher's exact test), or KPS ≥80 versus <80 (P = 0.42; Fisher's exact test). It also seems likely that patients with this global DNA pattern are underrepresented in clinical trials, particularly in those focused on first recurrence of glioblastoma.
Discussion
Shifts in the distribution pattern of molecular subtypes across glioblastoma cohorts have overall implications for clinical trial design. In the paired glioblastoma cohort and the ARTE trial cohort, there is a selection bias for longer overall survival compared with population-based studies, as reflected in the molecular marker status shown. As such, comparison of any clinical trial treatment strategy, or institutional outcomes, may be very difficult to interpret in the absence of knowing molecular subtype distributions of their patient populations. Molecular profiling to inform clinical trial structure is of increasing importance, 25 and it would be ideal to stratify for DNA copy number subtypes identified at the initial resection upon randomization in a clinical trial. Failure to do so may contribute to occasional discordance between phase II and phase III clinical trial outcomes. The data suggest that historical controls that do not account for molecular signatures are insufficient as comparators for current and future clinical trial enrollment. If molecular subtypes are not addressed up front in clinical trials, it is likely that treatments that may appear effective overall in phase II trials may fail in phase III trials due to unaddressed shifting of molecular distributions, leading to very costly trials. Perhaps molecular profiling including copy numbers could increase the accuracy of phase II trials. For those poorest molecular survival groups, such as W1 copy number subtype, patients could be identified early and put on up-front trials limited to their molecular group. Overall, informing glioblastoma clinical trials by molecular signature status, such as copy number alterations, may lead to more appropriate cohort distributions and therapeutic strategies applicable to the general population.
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